A new type III interferon, IFN lambda 4 (IFNL4), and its single-nucleotide polymorphism (SNP) ss469415590 causing a frame shift have been recently reported strongly to affect antiviral therapy for chronic hepatitis C virus (HCV) infection in African and Caucasian populations compared to previously reported IL-28B SNPs rs12979860 and rs8099917. To compare the predictability for treatment outcome among those polymorphisms, we estimated haplotype structure of IFNL4/IL-28B consisting of the three SNPs in 4630 Japanese chronic hepatitis C patients and 1122 healthy controls and then compared their impact on response to pegylated-IFN (PEG-IFN) plus ribavirin (RBV) combined therapy in 903 HCV-1b-infected patients. A total of five haplotypes were identified, although two major haplotypes accounted for .99 % of the variation. The SNPs were tightly linked but not in absolute linkage disequilibrium. We could not find any difference in the predictive impact of any of these three SNPs with regard to susceptibility to HCV and treatment response. However, patients with favourable rs8099917 TT, linked to unfavourable genotypes of ss469415590 and rs12979860, showed poor initial viral response compared with those with all favourable genotypes (P50.0022). These findings suggest that, in part, ss469415590 and rs12979860 may have better predictive impact on response to PEG-IFN plus RBV therapy in the Japanese population, especially in patients with any of the minor haplotypes consisting of these SNPs.
INTRODUCTION
Hepatitis C virus (HCV) infection is the major cause of chronic liver disease, liver cirrhosis and hepatocellular carcinoma. There are more than 180 million HCV chronic carriers worldwide (Chevaliez & Pawlotsky, 2007; Shepard et al., 2005) . The current standard of care for the treatment of chronic hepatitis C (CHC) is pegylated-IFN (PEG-IFN) with ribavirin (RBV). However, less than half of patients with HCV genotype 1 achieve a sustained viral response (SVR) with this therapy (Hadziyannis et al., 2004) . The addition of direct-acting antiviral (DAA) protease inhibitors, such as telaprevir and boceprevir, to the current standard of care regimen improves the rate of SVR to 65-75 % (Morgan & O'Brien, 2011) , while entailing increased risk of side effects, including anaemia and rash. Therefore it would be helpful to be able to identify patients who will respond to the current standard of care without DAA agents.
A number of pretreatment predictors of SVR have been reported. HCV genotype, baseline viral load, liver fibrosis, age, sex, obesity, insulin resistance, low-density lipoprotein cholesterol levels and c-glutamyl transpeptidase (c-GTP) levels have been reported to be associated with the outcome of PEG-IFN plus RBV therapy (Bergmann et al., 2007; Charlton et al., 2006; Gao et al., 2004; Gopal et al., 2006; Romero-Gó mez et al., 2005; Zeuzem et al., 1996 Zeuzem et al., , 2000 .
In addition, both host and viral genetic factors have been implicated in treatment response. Substitutions within the HCV IFN sensitivity determining region (ISDR) (Akuta et al., 2009; Yen et al., 2008) 2008) and a substitution at amino acid 70 of the HCV core protein (Akuta et al., 2006) have also been reported to affect PEG-IFN plus RBV combination therapy. With respect to host genetic factors, recent genome-wide association studies (GWAS) have reported a set of common single-nucleotide polymorphisms (SNPs) near the IL-28B locus on chromosome 19 that are strong predictors of SVR Suppiah et al., 2009; Tanaka et al., 2009) as well as spontaneous viral clearance (Thomas et al., 2009) .
Despite recent research efforts, the true causal variant at the IL-28B locus and the mechanism by which it modulates the IFN response remain unclear. In our previous study using Japanese subjects, we resequenced the region surrounding the locus and found that several known and newly discovered SNPs were associated with virological response . One of these, a dinucleotide polymorphism that introduces a frame shift, was recently reported to affect the expression of IFN lambda 4 (IFNL4), a newly identified type III IFN, by causing a frame shift (Prokunina-Olsson et al., 2013) . Furthermore, this polymorphism was found to be more strongly associated with the outcome and early viral dynamics of PEG-IFN and RBV therapy than the major IL-28B SNPs, especially in African populations (ProkuninaOlsson et al., 2013) .
The aim of this study was to examine how well the IFNL4 polymorphism (ss469415590) can predict viral response in Japanese patients infected with HCV, as compared to IL-28B polymorphisms (rs8099917 and rs12979860) conventionally used for prediction.
RESULTS

Allelic and haplotype frequencies in the Japanese population
No significant deviation from Hardy-Weinberg equilibrium (HWE) was observed either in CHC patients or in healthy controls for any of the SNPs, thus, selection bias or genotyping error was unlikely (Hosking et al., 2004; Salanti et al., 2005) . Allelic frequencies of the three SNPs in CHC and control groups are shown in Table 1 . The unfavourable allele frequencies of rs12979860, ss469415590 and rs8099917 in CHC patients were higher than those in controls for each SNP (P50.001, P50.0007, P50.002, respectively). However, an integrated discrimination improvement (IDI) test showed that there was no significant difference in the strength of association with CHC (i.e. difference in P value) between any two of the three SNPs. When stratified by HCV genotype, significant differences in favourable allele frequency between HCV-1b patients and healthy controls were found (Fig. 1) . By contrast, in the HCV-2a and HCV-2b subgroup, favourable genotype frequency was similar to that of control subjects (Fig. 1 ).
Linkage disequilibrium among the three SNPs in the studied population is shown in Fig. 2 . These SNPs were in strong but not absolute linkage disequilibrium (r 2 51.0). Haplotype frequencies in control subjects and CHC patients were estimated and compared using the Haploview program. A total of five haplotypes including two major haplotypes were identified ( Table 1 ). The two major haplotypes accounted for .99 % of the variation in both groups. There were significant differences in haplotype frequencies between CHC and control subjects for the two major haplotypes, however, which were similar to results from the singlemarker analysis (Table 1) .
Association with treatment outcome of PEG-IFN plus RBV therapy for HCV-1b patients
Among HCV-1b patients completing a full treatment course (n5903), allelic frequencies of the IFNL4/IL-28B SNPs in SVR and non-SVR groups are shown in , respectively). However, an IDI test showed that there was no significant difference in the strength of association with SVR (i.e. difference in P value) between any two of the three SNPs. 
Early virological response in patients with minor haplotypes
IL-28B SNPs have been reported to be associated with early viral kinetics as well as SVR . Further, IFNL4 polymorphism ss469415590 has recently been reported to affect HCV RNA decline after 28 days of treatment more strongly than rs12979860 in the AfricanAmerican population (Prokunina-Olsson et al., 2013) . We examined whether there was any difference in the effect of genotype on early viral kinetics among the three SNPs. As shown in Fig. 3 , with respect to median HCV RNA decline of the three genotype groups at weeks 2 and 4 of treatment, very similar patterns were observed, and there were no significant differences in the impact of genotypes on early viral decline among the three SNPs.
Next, we focused on patients with minor haplotypes, because these subgroups may provide valuable insights by highlighting differences in the genotype effect on therapeutic response among the SNPs. Among HCV-1b patients having at least one minor haplotype and treated with PEG-IFN plus RBV therapy, including patients who stopped treatment prematurely, 17 patients could be analysed for correlations between viral load change at week 4 and genotypes for each SNP. As shown in Fig. 4 , among patients with minor haplotypes, viral load changes in patients with favourable rs8099917 TT linked to unfavourable genotypes of the other SNPs were significantly less than those in patients with favourable genotypes in all the three SNPs (P50.0022). Likewise, similar correlation coefficients were observed for rs12979860 (r50.50) and ss469415590 (r50.50) compared to that of patients with major haplotypes (r50.46), whereas a negative correlation was observed for rs8099917 (r5-0.32).
These findings suggest that, in the Japanese population, rs12979860 and ss469415590 may provide better predictive ability than rs8099917, especially in patients with minor haplotypes.
DISCUSSION
In this study, we showed that IFNL4 polymorphism ss469415590 and IL-28B polymorphisms (rs12979860 and rs8099917) were in strong linkage disequilibrium with one another in the Japanese population but were not in absolute linkage disequilibrium. We could not find any differences in the overall predictive impact of any of these three SNPs with respect to susceptibility to HCV and treatment response. However, HCV-1b patients with favourable rs8099917 TT, linked to unfavourable ss469415590 TTDG/DGDG and rs12979860 CT/TT, showed poor initial viral reduction compared with those with all favourable genotypes.
Recent GWAS from several laboratories Suppiah et al., 2009; Tanaka et al., 2009) reported that genetic variants within the IL-28B locus were associated with the efficacy of PEG-IFN and RBV combined therapy in patients infected with HCV genotype 1. Subsequently their findings have been replicated in HCV genotypes 2 albeit with a weaker effect (Kawaoka et al., 2011; Mangia et al., 2010) but not in HCV genotype 3 (Bucci et al., 2013; Moghaddam et al., 2011) . Further, spontaneous resolution of acute HCV infection has also been shown to be associated with IL-28B polymorphism (Thomas et al., 2009; Tillmann et al., 2010) . A number of clinical phenotypes have been found to be associated with IL-28B variants, e.g. necroinflammatory activity (Abe et al., 2010) , fibrosis, steatosis In our previous study, we performed intensive resequencing and fine-mapping around the IL-28B locus in the Japanese population and found that the two IL-28B SNPs generally used for predicting treatment response were in strong linkage disequilibrium with several novel SNPs including a dinucleotide polymorphism , which was recently reported by Prokunina-Olsson et al. (2013) to cause a frame shift within the newly identified type III IFN, IFNL4. They showed that the SNP was more strongly associated with HCV clearance in populations of African ancestry compared to rs12979860. On the other hand, they also speculated that the SNP may provide no more information in Asians on the grounds of the haplotype structure in which the IFNL4/IL-28B SNPs were tightly linked to each other. The present observations are consistent with their speculation. Bibert et al. (2013) reported that TT/-G polymorphism (ss469415590) is a better predictor of spontaneous HCV clearance than rs12979860 and that inductions of IL-28B and IFN gamma-induced protein 10 (IP-10) relies on TT/-G but not rs12979860 in Caucasian patients. Thus, ss469415590 seems to show the strongest association consistently between studies suggesting that the SNP may be a true causal variant across populations. By contrast, the other SNPs did not, which could be partly explained by different linkage disequilibrium patterns among the studied populations.
When comparing allele frequencies between CHC patients and controls, we could not find any significant differences between these SNPs by the IDI test (Table 1) . Although we have not examined patients with self-limiting infection, our findings of the deviation of allele frequencies in CHC patients from controls appears to support previous findings that IL-28B variants are associated with spontaneous clearance of HCV infection (Thomas et al., 2009) .
In a subgroup that includes patients who possessed only one of the two major haplotypes (i.e. C-TT-T or T-DG-G), the predictive impact could logically be the same for each of the IFNL4/IL-28B SNPs. Most of the HCV patients in this study possessed one of the three diplotypes (n54579, 98.9 %), which may explain why the differences in predictability for treatment outcome were insignificant among the IFNL4/IL-28B SNPs in Japanese CHC patients. However, from a medical point of view, patients carrying minor haplotypes cannot be disregarded in spite of their low frequency in the Japanese population. Moreover, with respect to early viral response in patients with minor haplotypes, patients with favourable rs8099917 TT, linked to unfavourable genotypes of ss469415590 and rs12979860, showed poor initial viral response compared with those with all favourable genotypes (P50.0022) (Fig. 4) . IL-28B variants have also been reported to be associated with early viral kinetics during treatment with PEG-IFN plus PBV in HCV genotype 1 patients , which is, in turn, a strong predictor of the eventual response to therapy (Davis et al., 2003) . Taken together, these findings suggest that ss469415590 and rs12979860 might be a better predictor of treatment outcome than rs8099917, especially in patients with minor haplotypes.
Several studies, including ours, have reported that the expression levels of IFN-stimulated genes in human hepatocytes infected with HCV vary by genotype in IL-28B polymorphisms Honda et al., 2010; Urban et al., 2010) . On the other hand, no correlation has been demonstrated between IL-28B polymorphism genotypes and expression of IL-28B in hepatocytes (Dill et al., 2011; Honda et al., 2010; Urban et al., 2010) . Prokunina-Olsson et al. (2013) showed that endogenous IFNL4 upregulated ISGs through phosphorylation of signal transducers and activators of transcription STAT1 and STAT2 without signalling through an external receptor in stimulated primary human hepatocytes carrying the unfavourable ss469415590 DG allele. Bibert et al. (2013) showed that ss469415590 is located within a CpG island and is associated with surrounding CpG methylation, as well as with IL-28B and/or ISG expression. Although the molecular basis remains elusive, further studies are awaited to determine how IFNL4 affects HCV clearance in conjunction with other IFNs.
In conclusion, we found no significant difference in overall predictive impact of any of the IFNL4/IL-28B SNPs, rs12979860, ss469415590 and rs8099917, with regard to susceptibility to HCV and treatment-induced clearance. However, taking into account the finding that patients with favourable rs8099917 TT, linked to unfavourable genotypes of ss469415590 and rs12979860, showed poor initial viral response compared with those with all favourable genotypes, ss469415590 and rs12979860 may have better predictive impact on treatment response in the Japanese population, especially in patients with any of the minor haplotypes consisting of these SNPs.
METHODS
Study subjects and design. A total of 4630 CHC patients who were outpatients of Hiroshima University Hospital and Hiroshima University-affiliated hospitals were included in the study; 1122 healthy control subjects were also included. All patients had elevated serum alanine transaminase levels for more than 6 months and were positive for both anti-HCV antibody and serum HCV RNA. All patients were negative for hepatitis B surface antigen, had no evidence of other liver diseases, and had not received immunosuppressive therapy before enrolment in the study. Fibrosis stage and activity were diagnosed by pathologists at each hospital according to the criteria of Desmet et al. (1994) . Subjects received weekly injections of PEG-IFN-a-2b at 1.5 mg kg 21 body mass and oral administration of RBV for 48 weeks. The dose of RBV was adjusted based on body mass (600 mg for ,60 kg, 800 mg for 60-80 kg, 1000 mg for .80 kg).
Patients with less than 75 % compliance with prescribed doses of PEG-IFN and RBV were excluded from the analysis of association with treatment outcome. Patients were divided into SVR and non-SVR groups based on treatment outcome. SVR was defined as undetectable serum HCV RNA at 24 weeks after completion of therapy, whereas non-SVR patients were still viraemic at this time including transient responders and non-responders. Table 3 lists the demographic features of the subjects. All subjects received a detailed explanation and all gave written informed consent. The study protocol conformed to the ethical guidelines of the 1975 Declaration of Helsinki, and was approved by the ethical committee of each participating medical centre, Hiroshima University, and the SNP Research Center, the Institute of Physical and Chemical Research (RIKEN), Yokohama.
The study design is shown in Fig. 5 . In both CHC patients and controls, haplotypes of the three IFNL4/IL-28B SNPs (rs12979860, ss469415590 and rs8099917) were estimated. Of these patients, 1151 infected with HCV-1b were treated with PEG-IFN plus RBV. Among those, early viral dynamics data (serum HCV RNA levels at baseline and at week 4 of therapy) were available in 479 patients. A total of 903 patients with HCV-1b were evaluated with respect to treatment outcome, after excluding patients with treatment discontinuation, drop out, and insufficient data collection.
SNP genotyping. We genotyped each subject for three SNPs on chromosome 19: rs8099917, rs12979860 and ss469415590 (refSNP no. rs368234815). The first two are IL-28B polymorphisms previously reported to be associated with therapy outcome Suppiah et al., 2009; Tanaka et al., 2009) , and the last was recently found to cause a frame shift in the IFNL4 gene (Prokunina-Olsson et al., 2013) . Genotyping was performed using multiplex-PCR followed by the Invader assay (Third Wave Technology) as described previously (Ohnishi et al., 2001) . Because IFN-lambda family gene sequences are highly homologous, sequence-specific primers were designed to amplify the desired sequence.
HCV RNA levels. HCV RNA levels were measured using RT-PCR-based methods (the original Amplicor method, the high-range method, or the TaqMan real-time PCR test). The measurement ranges of these assays were 0.5-850 KIU ml 21 , 5-5000 KIU ml 21 and 1.2-7.8 log IU ml 21 , respectively. Saturated samples were diluted with PBS and reassayed. All values are reported as log IU ml 21 .
Statistical analysis. For general statistical analysis, we employed the R statistical package (http://www.r-project.org). Non-parametric tests (chi-squared test, Mann-Whitney U test) were used to detect significant associations. Deviation from HWE was evaluated by the chi-squared test. Discrimination ability between markers was compared using the IDI test under an additive-effect model in a logistic regression (Pencina et al., 2008) . All statistical analyses were two-sided, and P,0.05 was considered significant. The Haploview program (Barrett et al., 2005) was used to estimate linkage disequilibrium between SNPs and haplotype construction. Desmet et al. (1994) . DViral titre was measured in IU ml
21
. dP,0.001 compared with the chronic hepatitis C group by Mann-Whitney U test.
§P,0.001 compared with the chronic hepatitis C group by chi-squared test. 
